Despite recent advances in the treatment of neonatal hypoxic-ischemic encephalopathy (hIe) using therapeutic hypothermia, at least 30% of the cooled infants will die or have moderate/severe neurological disability. Umbilical cord blood cells (UcBcs), which are readily available at birth, have been shown to reduce sensorimotor and/or cognitive impairments in several models of brain damage, representing a promising option for the treatment of neurological diseases. In this review, we discuss recent preclinical studies that assessed the effects of UcBc transplantation in the Rice-Vannucci animal model of hIe. We also review the possible cell types and mechanisms involved in the therapeutic effect of UcBc transplantation, including neuroprotection, immunomodulation, and stimulation of neural plasticity and regeneration. In addition, we discuss how neuroimaging methods, such as bioluminescence imaging, nuclear-medicine imaging, or magnetic resonance imaging, could be used to evaluate the biodistribution of UcBcs in both preclinical and clinical studies. N eonatal encephalopathy is a clinical syndrome manifested by neurological symptoms in the first days of life in term infants. Several etiologies, including infections and metabolic and genetic disorders, can cause neonatal encephalopathy. However, when it is caused by perinatal asphyxia, as occurs in 30-60% of cases, the syndrome is called neonatal hypoxicischemic encephalopathy (HIE), which has an incidence of 1.5 per 1,000 live births (1).
Despite recent advances in the treatment of neonatal hypoxic-ischemic encephalopathy (hIe) using therapeutic hypothermia, at least 30% of the cooled infants will die or have moderate/severe neurological disability. Umbilical cord blood cells (UcBcs), which are readily available at birth, have been shown to reduce sensorimotor and/or cognitive impairments in several models of brain damage, representing a promising option for the treatment of neurological diseases. In this review, we discuss recent preclinical studies that assessed the effects of UcBc transplantation in the Rice-Vannucci animal model of hIe. We also review the possible cell types and mechanisms involved in the therapeutic effect of UcBc transplantation, including neuroprotection, immunomodulation, and stimulation of neural plasticity and regeneration. In addition, we discuss how neuroimaging methods, such as bioluminescence imaging, nuclear-medicine imaging, or magnetic resonance imaging, could be used to evaluate the biodistribution of UcBcs in both preclinical and clinical studies. N eonatal encephalopathy is a clinical syndrome manifested by neurological symptoms in the first days of life in term infants. Several etiologies, including infections and metabolic and genetic disorders, can cause neonatal encephalopathy. However, when it is caused by perinatal asphyxia, as occurs in 30-60% of cases, the syndrome is called neonatal hypoxicischemic encephalopathy (HIE), which has an incidence of 1.5 per 1,000 live births (1) .
HIE is one of the most important causes of moderate and severe neurological disability in children. Furthermore, longterm evaluations have found subtle cognitive deficits and alterations in daily-life behavioral functioning, even in cases of mild HIE (2) .
Acutely evolving lesions can be observed in magnetic resonance imaging (MRI) scans of 80% of infants with neonatal encephalopathy and evidence of perinatal asphyxia, indicating that most of the lesions are acquired in the perinatal period and suggesting that a neuroprotective therapy could be achievable in the first hours after birth (3) . Accordingly, recent clinical trials demonstrated the efficacy of therapeutic hypothermia when started within 6 h after birth, providing the first evidence that neuroprotection is feasible in newborns with HIE (4) .
The therapeutic window of hypothermia coincides with a latent phase, when cerebral energy metabolism returns to normal following perinatal asphyxia. Using phosphorus magnetic resonance spectroscopy, it was demonstrated that brain energy metabolism returns to normal levels after a successful resuscitation, followed by a secondary energy failure after 6-24 h. Many mechanisms that lead to secondary brain injury are already going on in the latent phase, including inflammation, production of nitric oxide/reactive oxygen species, glutamate excitotoxicity, and trophic factors withdrawal. All these mechanisms will result in mitochondrial permeabilization and cell death through activation of both caspase-dependent and -independent pathways (4, 5) . Therefore, the existence of delayed and secondary neuronal death indicates that a subpopulation of neurons might be protected even if efficient neuroprotective treatments are initiated a few days after the hypoxic-ischemic (HI) insult.
Although therapeutic hypothermia is becoming a standard therapy for HIE, there is still a large number of infants who would benefit from additional therapies. For instance, one randomized study reported that therapeutic hypothermia reduced the incidence of disabling cerebral palsy from 30 to 19% and that the percentage of children with moderate HIE that died or developed moderate/severe disability was reduced from 48 to 32% (6) . Hence, new treatments that might increase the benefits provided by this therapy are sorely needed. In this review, we will discuss the potential therapeutic role of umbilical cord blood cells (UCBCs) in HIE, which are readily available at birth and represent a promising option for the treatment of neurological disorders.
Human umBILICaL CORD BLOOD (uCB)
Public and private cord blood banks can store UCB units collected in utero or from the delivered placenta. UCB units stored in public banks are used for unrelated hematopoietic transplantation (after myeloablation) in children and adults with hematological malignancies and in children with other and inborn errors of metabolism. When stored in private banks, UCBCs can be used for the treatment of biological siblings or for autologous transplantation in experimental studies. Autologous intravenous UCB transplantation is safe and feasible in young children with acquired neurological disorders (7) and is currently being evaluated in phase I/II clinical trials for the treatment of children with traumatic brain injury, acquired hearing loss, and cerebral palsy (ClinicalTrials.gov identifiers NCT01251003, NCT01343394, NCT01072370, and NCT01147653, respectively). Furthermore, the safety and feasibility of UCBC autologous transplantation are being evaluated in children with HIE, up to 14 days after birth, in a clinical trial conducted at Duke University (ClinicalTrials. gov identifier NCT00593242). These studies are based on the findings of preclinical studies suggesting that mononuclear UCBCs have a beneficial effect in several models of brain injury.
Main Cell Types Present in the UCB
To date, most of the preclinical studies assessing the role of UCBCs in the damaged central nervous system (CNS) have transplanted the UCB mononuclear cell fraction, which can be isolated by a density gradient and stored for a long period at cryogenic temperatures. Although it is still not clear which cell type(s) contribute(s) to the therapeutic effects of UCBC transplantation in neurological diseases, we will give an overview of the different cell populations present in the UCB mononuclear cell fraction and of the current data regarding their possible roles after a CNS injury.
Hematopoietic stem/progenitor cells (HPCs).
Immediately after birth, the number of CD34 + HPCs in the peripheral blood of newborns is lower than in the UCB and decreases even more in the first 48 h postnatally (8) . Moreover, UCB-derived CD34 + HPCs have a less mature phenotype and proliferate more in response to cytokines in vitro (9) .
Neuroprotective and immunomodulatory effects of bone marrow-derived HPCs have been observed in animal models of stroke. Intravenous injection of HPCs reduces the number of microglial cells and infiltrating T lymphocytes in the ischemic hemisphere, decreasing the infarct size of the treated animals (10). Therefore, it is possible that UCB-derived HPCs are partially responsible for the therapeutic effects of UCB mononuclear cells in HIE that will be discussed further on.
Endothelial progenitors. Hematopoietic stem cells and endothelial progenitor cells derive from a common precursor cell called hemangioblast and express several cell surface molecules in common, such as CD34, KDR (also known as vascular endothelial growth factor (VEGF) receptor 2), and Tie2 (one of the angiopoietin receptors, whose signaling regulates angiogenesis). When UCB mononuclear cells are cultured on fibronectin-coated plates, they give rise to mature endothelial cells that incorporate into endothelial networks (11) . Accordingly, UCB CD34
+ cell transplantation induces neovascularization in a mouse model of stroke (12) . However, freshly isolated UCB mononuclear cells fail to improve perfusion in a murine model of hindlimb ischemia. In this model, enhanced neovascularization and perfusion is only obtained if endothelial progenitors are expanded in vitro before transplantation (13) .
Lymphocytes. The UCB contains a similar percentage of B lymphocytes and a reduced percentage of T lymphocytes compared with the adult peripheral blood. In addition, UCB-derived lymphocytes are phenotypically and functionally immature (14) . A subpopulation of T lymphocytes, the regulatory T cells (Tregs), has a potent role in the suppression of immune responses, maintaining tolerance to self-antigens and preventing the development of autoimmune diseases. Treg cell lines isolated from the peripheral blood of adults are not uniform and may contain a mix of conventional and regulatory T cells, in contrast to UBC-derived Treg cell lines, which are more uniform and easily obtained. Moreover, UCB-derived Tregs have the same potent suppressor cell phenotype and function as adult Tregs (15), although they present a higher expansion capacity (16) . Given the potent anti-inflammatory activity of Tregs, it has been suggested that these cells exert a significant neuroprotective role after stroke through IL-10 release (17).
Monocytes. Human monocytes can be divided into at least two main subsets, based on the expression of the cell surface antigens CD14 and CD16. These two populations express different cell adhesion molecules and chemokine receptors and have different roles after infection, ischemia, or other types of injury. Whereas the "classic" CD14 high
CD16
− monocytes are associated with death and/or a poor outcome after stroke, CD14 dim
+ monocytes are associated with a better outcome and a smaller infarction size (18) . Likewise, there is a subset of bone marrow-derived monocytes that infiltrates the injured spinal cord, contributing to recovery through a local anti-inflammatory role (19) .
Although the phagocytic ability of UCB-derived monocytes is not different from that of adult monocytes (20) , one study found 168 genes that are differentially expressed between UCBderived and adult monocytes in the early response to lipopolysaccharide (21) . Yerkovich and colleagues observed that monocytes are the main producers of tumor necrosis factor-α (TNF-α) and IL-6 when UCB mononuclear cells are stimulated with lipopolysaccharide and that Toll-like receptor-4 expression is higher and sustained in UCB-derived monocytes compared with adult monocytes. Moreover, UCB mononuclear cells produce more IL-6 in response to lipopolysaccharide than cells of the peripheral blood of children and adults (22) . Interestingly, IL-6 is a neurotrophic cytokine and enhances the expansion of neural stem/progenitor cells (23) .
Mesenchymal stem/progenitor cells (MSCs).
MSCs comprise a cell population that can differentiate into specialized mesenchymal cells, such as osteoblasts, chondrocytes, and adipocytes. MSCs can be isolated from most of the tissues in the body, where they reside in perivascular niches, and can also be obtained from 1 in 10 UCB samples, suggesting that only a small number of MSCs circulates in the UCB (24) . Two critical factors are associated with a successful isolation of MSCs from UCB: a volume of at least 90 ml of blood and an interval of less than 2 h between collection and the beginning of cell processing (25) . Bone marrow-derived MSCs have potent immunomodulatory and neuroprotective effects, beside inducing regeneration after HIE (26) . However, given the low numbers of MSCs in the UCB, these cells are probably not involved in the beneficial effects of this therapy.
Possible Mechanisms of Action of UCBCs in CNS Diseases
Neuroprotection. The neuroprotective effect of human UCBCs was observed in numerous studies. In vitro, UCBCs protect neurons from glutamate-induced apoptosis through activation of the prosurvival Akt signaling pathway (27) and protect neurons from oxygen-glucose deprivation in ex vivo organotypic slice cultures (28) . In addition, UCB CD133 + cells decrease apoptosis and prevent the suppression of axonal growth in hypoxic organ cocultures of the cerebral cortex and spinal cord of 3-d-old rats (29) . Interestingly, both the UCB CD133-depleted mononuclear fraction, which has a decreased amount of HPCs, and the CD133 + -enriched fraction induce a similar neuroprotective effect in hypoxic neuronal cultures compared with the complete mononuclear cell fraction, suggesting that multiple cell types may be responsible for this effect. Moreover, both the direct and the indirect cocultivation of UCB mononuclear cells with the hypoxic neuronal cultures induce the same degree of neuroprotection, indicating that soluble factors secreted by UCBCs are largely, although not exclusively, responsible for the observed effects (30) .
Giving support to this hypothesis is the fact that freshly isolated UCB mononuclear cells express the transcripts of the neurotrophic factors brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), nerve growth factor (NGF), neurotrophin (NT)-3, and NT-5 in higher amounts than peripheral blood mononuclear cells (31) . VEGF, BDNF, NT-4, NT-5, and several cytokines and chemokines can also be detected in the culture supernatant of UCBCs (31, 32) . Among these factors, NGF, BDNF, GDNF, NT-3, and VEGF have a neuroprotective effect in experimental models of HIE (33) (34) (35) (36) . Furthermore, the combined action of some of these factors may have a synergistic effect, as demonstrated by one study in which combined treatment with BDNF and epidermal growth factor (EGF) promoted a better functional recovery after HIE than treatment with each growth factor alone (37) . This additive effect of multiple trophic factors has also been observed in several in vitro studies. For instance, a combination of trophic factors was necessary to promote the survival of oligodendrocytes (38) , to rescue photoreceptors in a model of retinal dystrophy (39) , and to direct axonal growth more efficiently (40) .
Beside the neuroprotective effect, trophic factors could improve the neurological function after HIE by multiple mechanisms. VEGF increases the generation of new neurons in the two major neurogenic regions of the postnatal brain: the hippocampal dentate gyrus and the subventricular zone (41), in addition to being known as a major factor required for angiogenesis and vascular homeostasis. VEGF has also an important role in neuronal plasticity, improving hippocampal-dependent contextual memory (42) .
Similarly, BDNF has multiple functions in the developing CNS and could provide a therapeutic effect after HIE by several mechanisms. BDNF protects the brain after HIE, decreasing neuronal death through activation of the extracellular signalrelated protein kinase pathway (33) . Moreover, BDNF might affect neurogenesis, increasing the endogenous regenerative response of the brain, and could facilitate synaptic function and increase neural plasticity after injury (41, 43) .
BDNF could also modulate the function of glial cells, given that its receptor, TrkB, is expressed by astrocytes and microglia. Indeed, BDNF induces a sustained increase in intracellular Ca 2+ in microglia, inhibiting the release of nitric oxide from microglial cells activated by interferon-γ (44) .
Therefore, UCBC transplantation could represent a promising way to overcome the pharmacological challenge related to the systemic delivery of multiple therapeutic trophic factors to the brain (43) . This potential could be further increased by genetic manipulation of the transplanted cells, using a nonviral lipofection technique that could increase the expression and secretion of one or more of these soluble factors by UCBCs (45) .
Finally, the neuroprotective effect of UCBCs was also proven in vivo in animal models of stroke (46) and HIE (47), as will be discussed later.
Effects of UCBCs on glial cells.
UCBCs protect mature oligodendrocytes from oxygen-glucose deprivation in vitro (48) and from cerebral ischemia in vivo (49) . However, whether UCBs would have the same effect on oligodendrocyte progenitors, which are highly susceptible to HI insults during brain development, remains unknown.
UCBCs also affect the survival and function of other glial cells in vitro, protecting astrocytes from a hypoxic insult and modulating the secretion of IL-10 and IL-6 by these cells (50) . Beside playing an important role in the formation of the glial scar, astrocytes interact with neurons, blood vessels, perivascular cells, and microglial cells in the neurovascular unit, regulating cerebral blood flow and metabolism. Moreover, a subset of astrocytes may also be vulnerable to brain ischemia, dying after HIE (51) .
In addition, UCBC transplantation exerts an antiinflammatory effect after stroke, decreasing the infiltration of B cells and the expression of proinflammatory cytokines in the ischemic brain (52) . This effect may be caused in part by a modulation of microglial cell function.
Microglial cells have an important role after brain injury, eliciting an innate immune response that clears cellular debris and induces brain repair, orchestrating brain inflammation. 
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perinatal stroke (53) , the role of microglia after HIE remains unclear. Given that microglial cells may adopt different phenotypes, depending on the stimuli to which they are exposed, it is possible that these cells might have both beneficial and detrimental effects, depending on the context and on the phenotype they acquire over the course of the injury. For instance, endotoxin-activated microglial cells acquire a proinflammatory phenotype in vitro, decreasing neurogenesis and oligodendrogenesis of neural progenitor cells (54) and triggering the death of oligodendrocyte progenitor cells (55) and neurons (56) . In contrast, IL-4-activated microglia stimulates oligodendrogenesis (54) and has a neuroprotective effect in vitro (57) . This dichotomy, defined as microglia/macrophage polarization, has been extensively studied recently. "Classically" activated (also called M1) microglia/macrophages are activated by T helper 1 cytokines, such as interferon-γ, which induce the production of proinflammatory cytokines and cytotoxic mediators by these cells. However, when activated by T helper 2 cytokines (such as IL-4) or by Treg-derived IL-10 and transforming growth factor-β, microglial cells/macrophages acquire an anti-inflammatory phenotype, called "alternatively activated" (or M2), which is involved in neuroprotection, tissue remodeling, and regeneration (58) . Although it has been shown that UBC-derived MSCs induce the alternative activation of microglial cells in an animal model of Alzheimer's disease (59), whether UCB mononuclear cells would promote the same effect remains unknown.
UCBCs decrease microglial survival after hypoxia in vitro (60) and reduce microglial activation in the cerebral cortex after HIE in rats (47) . Similarly, UCBC transplantation reduces the accumulation of microglial cells in the cerebral cortex, striatum, and white matter and decreases the number of activated amoeboid microglia after stroke in rats (61) . Furthermore, a decrease in microglial activation was also demonstrated after UCBC transplantation in aged rats, correlating with an increase in neurogenesis in the hippocampus (62) . In this regard, UCBCs also increase neurogenesis in the subventricular zone after stroke (12) , suggesting that these cells may enhance the endogenous regenerative capacity of the brain.
uCBC TRansPLanTaTIOn In anImaL mODeLs OF HIe Four separate groups have evaluated the effects of UCBC transplantation in HIE using the Rice-Vannucci animal model, which consists of the ligation of one of the common carotid arteries, followed by a period of systemic hypoxia (8% oxygen and remaining nitrogen) in postnatal d 7 rats.
Meier and colleagues showed that an intraperitoneal administration of UCBCs 24 h after injury decreases the sensorimotor impairment of HI animals, as assessed by footprint analysis and the cylinder test. They also performed in vivo electrophysiological recordings, showing that UCBC treatment prevents the decrease in size of the cortical hindpaw representation and reduces the HI-induced hyperexcitability of the ipsilateral primary somatosensory cortex (63, 64) . The volume of the lesion was not changed by the treatment, in accordance with another study in which UCBCs were intravenously transplanted 24 h after injury (65) . However, in the latter study the treatment resulted only in a trend toward an improved performance in motor and cognitive tasks.
In contrast, a neuroprotective effect of UCBC transplantation was demonstrated when the cells were intraperitoneally injected 3 h after injury. The treatment reduced caspase-3 activation and the number of degenerating neurons in the striatum, resulting in the preservation of two primitive neurological reflexes that are affected by HIE. In addition, an anti-inflammatory effect was evidenced by a decrease in the number of activated microglial cells in the ipsilateral cerebral cortex of the treated animals (47) .
The beneficial effects of UCBC transplantation can be observed even when the cells are transplanted 7 d after the injury. The delayed treatment reduces the deficits in motor symmetry and motor coordination in the elevated body swing test and in the rotarod. It also enhances synaptic plasticity in the hippocampus and increases the levels of the neurotrophic factors NGF, GDNF, and BDNF in the brain. Furthermore, UCBC transplantation in combination with mannitol, a drug that permeabilizes the blood-brain barrier, promotes a better improvement in motor function and further increases the levels of neurotrophic factors in the brain. Given that mannitol does not increase the number of UCBCs in the host brain, the authors suggested that blood-brain barrier permeabilization increases the entry of endogenous or UCBC-derived neurotrophic factors in the brain (66) .
Moreover, a low number of cells (1.5 × 10 4 cells; approximately 1.1 × 10 3 cells/g body wt) was transplanted in this study. Based on these observations and assuming an average weight of 3.2 kg, a minimum dose of 3.5 × 10 6 mononuclear cells, which can be easily obtained from a UCB unit, would be necessary to treat a newborn with HIE. However, a dose-response curve still must be defined in future preclinical studies, as well as the time window for the treatment.
Biodistribution of UCB-Transplanted Cells
Several studies have shown that UCBCs can be induced to acquire a neuronal phenotype under certain culture conditions. Therefore, it was tempting to speculate that UCBCs could be a source of neural cells for cell-replacement therapies. However, despite the expression of neuronal markers, functional voltagegated sodium channels, required for action potentials, are not present (67) or are present only in a minority of the UCBCderived neuron-like cells in vitro (68) . Moreover, there is no evidence of differentiation of the donor cells into neurons, oligodendrocytes, or astrocytes when an adherently growing population of UCBCs is injected into the lateral ventricle of rat embryos (69) .
The homing of UCBCs to the HI brain after an intraperitoneal transplantation was demonstrated by Meier and colleagues. They showed that the engraftment of UCBCs in the brain depends on the chemokine stromal-derived factor-1 (70) and that the transplanted cells do not differentiate into neurons or astrocytes in the HI brain (63) . Moreover, other studies failed to find a large number of cells in the HI brain Taken together, these studies suggest that UCBCs do not exert their action in the HI brain through the replacement of lost cells. Even multipotent stem cells with a broader differentiation potential, such as neural stem cells, may exert their therapeutic effects in the CNS through multiple mechanisms beside cell replacement. For instance, neural stem cell transplantation results in neuroprotection, reduction of glial scarring, immunomodulation, and stimulation of endogenous mechanisms of brain plasticity and regeneration through paracrine effects (26) . A recent study has also shown that unrestricted somatic stem cells, a subpopulation of UCBCs that can be expanded in vitro and induced to differentiate into apparently functional neurons under specific culture conditions (68), promote functional locomotor recovery when transplanted in the vicinity of an acute traumatic spinal cord injury in rats. Interestingly, the beneficial effects occurred in the absence of neural differentiation of the transplanted cells (71) . However, it is still possible that UCBCs could differentiate into cells of the myeloid lineage. Human CD34 + UCBCs migrate to the brain and differentiate into microglial cells when intravenously transplanted after whole-body irradiation in mice (72) . Moreover, donor UCBCs differentiated into perivascular and parenchymal microglia/macrophages in a 6-y-old patient who was treated with hematopoietic stem cell transplantation for a severe type of Hunter disease (73) .
Beside stromal-derived factor-1, other chemokines may be involved in the homing of UCBCs to the brain. For instance, the chemokines monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-1α (MIP-1α) are involved in the recruitment of UCBCs to ischemic brain extracts (74) . SDF-1, as well as MIP-1α and MCP-1, is upregulated after HIE. MIP-1α upregulation can be observed as early as 4 h after HI, persisting for at least 5 d (75), whereas MCP-1 upregulation occurs from 2.5 to at least 48 h after HIE (76) and SDF-1 expression increases from 24 h to 7 d after injury (77) . Furthermore, UCB mononuclear cells express the receptors for the neurotransmitter γ-aminobutyric acid and migrate in response to a gradient of γ-aminobutyric acid (78) . Therefore, given the increased expression of chemoattractants in the HI brain, it remains unclear why UCBCs do not migrate massively to the brain after systemic transplantation. It is possible that UCBCs could be trapped in the lungs after the pulmonary passage (79) , that they do not survive in the brain for a long time, and/or that these cells migrate to other organs such as the spleen. Indeed, UCBC transplantation has a systemic immunomodulatory effect after stroke, decreasing TNF-α and increasing IL-10 mRNA expression in the spleen. The treatment also reduces the stroke-induced alterations in spleen weight and T splenocyte proliferation (46) .
Alternatively, an intra-arterial transplantation could increase the number of cells reaching the brain. A larger number of neural stem cells reached the brain after intra-arterial than after intravenous transplantation in an adult model of cerebral hypoxia-ischemia (80) and bone marrow-derived mononuclear cells persisted in the ischemic hemisphere for up to 48 h after an intra-arterial transplantation in a patient with stroke (81). This approach, beside being less invasive than an intracerebral transplantation, could also permit the combination of both the systemic effects and the local action of UCBCs in the CNS.
Therefore, it will be important to address the biodistribution of UCBCs after systemic transplantation in HIE to further understand and improve the therapeutic role of these cells. In this regard, noninvasive in vivo imaging of the injected cells may improve comprehension of several unsolved questions, including (i) the determination of the effectiveness of different methods of cell transplantation regarding cell migration and proliferation; (ii) the assessment of structural tissue recovery or adverse reactions; and (iii) the evaluation of dosing schedule and the number of cells to be transplanted.
uCBC LaBeLIng anD neuROImagIng meTHODs One approach for the tracking of UCBCs is the transfection of reporter genes for bioluminescence imaging, nuclear-medicine imaging, or MRI. This approach is extremely valuable because it only reveals the activity of labeled cells that are viable and metabolically active. Moreover, stable transfection of cells allows long-term expression of the reporter gene, avoiding the problem seen with exogenous contrasts that are diluted with cell proliferation (82) . Bioluminescence imaging has been successfully used to investigate the distribution of labeled cells in experimental models of neonatal and adult hypoxia-ischemia up to 30 days after injection (80, 83) . However, although bioluminescence imaging remains an extremely important technique to allow clinical translation of experimental studies of cell therapies, it has limited spatial resolution (2-3 mm) and depth penetration (1 cm) and cannot be used in the clinic (82) .
Similarly, in nuclear medicine a specific interaction between reporter gene product and an administered probe may be used to generate a signal that can be detected by modalities such as single-photon emission computed tomography (SPECT) and positron emission tomography (PET) (82) . In an example, a recent human trial described that cytolytic T cells transduced with a herpes simplex virus type 1 thymidine kinase could be detected by PET scanning in the brain and in other parts of the body after intracranial infusion in patients with glioma (84) . Transfection of genes may also be used to facilitate iron uptake by injected cells and therefore generate a signal that can be distinguished in MRI, precluding the need for exogenous contrast agents (85) . Although these are promising techniques, further investigations are required to determine the safety of using viruses for transfection and the modification of intracellular iron pathways in neonatal diseases. Moreover, although the probability of developing cancer as a result of exposure to a single nuclear-medicine study is low (86) , the use of reporter genes for PET and SPECT requiring multiple injections of radioactive probes would be a matter of concern regarding radiation exposure in the neonatal period.
A second approach is labeling cells with a radiopharmaceutical to be detected in nuclear medicine or an exogenous contrast to be detected in MRI. Radioisotope cell labeling has been used copyright © 2012 International Pediatric Research Foundation, Inc.
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for decades to systemically monitor cells in nuclear-medicine studies such as leukocyte imaging to spot infections and has been used in children and premature infants (87) . More recently, SPECT has been applied for monitoring cell therapies for stroke in animal models (88) and in humans (89) In-oxine). PET is already used for metabolism and neuroinflammation imaging in HIE patients (86) and has previously been used for cell labeling with 18 F-fluorodeoxyglycose (82) . However, one of the greatest limitations of nuclear-medicine cell labeling seems to be the relatively short time window for imaging. Tc, the most frequently used radiopharmaceutical, has a 6-h half-life, allowing imaging for only 24 h (87) and shows a low cytotoxicity profile (87, 90) . 111 In-oxine increases the cell-tracking window to 96 h but results in a lower resolution and higher radiation burden to the patient and to the transplanted cells (87) . Several reports have indicated cell damage at 24-48 h postlabeling with 111 In-oxine (91) (92) (93) (94) . Although 99m Tc carries a much lower radiation burden, studies have also suggested a decrease in the proliferative capacity that may be caused by radiation-induced DNA damage (95) . Nevertheless, to our knowledge, there are currently no reports in the literature using cell labeling with radiopharmaceuticals in animal models of cell therapy for HIE.
Contrast agents for MRI may overcome many of the current labeling limitations of radiopharmaceuticals. Superparamagnetic iron oxide nanoparticles (SPIOs) such as ferumoxides (Feridex, Bayer Healthcare, NJ, and Endorem, Guerbet, France; 80-150 nm) and ferucarbotran (Resovist, Schering AG, Germany; 45-60 nm) were initially developed for intravenous injection to allow hepatic imaging and later adapted for cell labeling by numerous research groups. Although ferumoxides were recently taken off the market because of lack of sales for their original application, other clinical and nonclinical agents are constantly being developed (96) . One advantage of SPIOs is that they are biodegradable and can be used by the cells in iron metabolism pathways. Moreover, they may be prepared with different properties such as core size (e.g., micrometer-size paramagnetic iron oxide particles), shape, and outer coating, which have the potential to modify their biologic activity (82) . Techniques such as electroporation, or the incubation of SPIOs with non-clinical-grade unapproved lipofection transfection agents or with protamine sulfate (a drug approved by the US Food and Drug Administration) previous to cell labeling provide more efficient cell labeling (82, 96) . Such labeled cells have been studied in animal models and imaged by preclinical and clinical MRI. Obenaus et al. (97) monitored the migration of SPIO-labeled murine neural stem cells after an intracerebral injection in an animal model of HIE, and Chen and colleagues (98) studied the distribution of MPIO-labeled MSCs in a rodent model of periventricular white matter injury in preterm infants.
Labeling of UCBCs with SPIOs for preclinical studies has also been performed by several groups and seems feasible (99) (100) (101) . A labeling time of as low as 4 h was achieved without impairing viability and functional capability, an important step to allow rapid delivery of labeled cells in clinical studies (101) .
In addition to animal studies, there have been reports on clinical trials that used SPIOs to label different cell types, such as neural stem cells (102) , bone marrow mononuclear cells (103) , MSCs (104) , and UCBCs (105), with a follow-up of as long as 6 mo. In the latter study, the only study performed in a pediatric patient, intracerebroventricular injections of neurally committed human UCB-derived (NC-HUCB) cells were carried out in a 16-mo-old child, 7 mo after cardiac arrest-induced global hypoxia-ischemia (105). After 10 d in culture, cells were labeled with Feridex and grafted monthly by three serial injections into the lateral ventricle of the brain. MRI exams indicated neurally committed human UCB-derived cells extending along the lateral ventricle at 1 d, 1 mo, and 2 mo after the injection, and the signal was scarcely visible at 4 and 6 mo. No clinical adverse events related to the cells were noted in any of the studies. However, SPIO labeling has limitations such as the aforementioned dilution of the contrast with cell division and the possibility that the iron from cells undergoing apoptosis or cell lysis may be internalized by tissue macrophages, leading to signal that could falsely be attributed to cells (106) . Moreover, although many studies have found no adverse effects regarding cytotoxicity when labeling cells with SPIOs, recent studies have indicated that they may alter cellular events in MSCs (107) (108) (109) (110) (111) . For instance, Chen et al. found that osteogenesis was inhibited by SPIOs, not because of cytotoxicity but instead by promoting cell mobilization (110) . An alternative technique that has already been applied for imaging of UCBCs in animals is labeling with 19 F MRI with liquid perfluorocarbon nanoparticles (112) . The greatest advantage of this method seems to be that, unlike SPIO-based agents, it does not have measurable tissue background signal, which results in better contrastto-noise characteristics and allows definitive localization of the uniquely labeled cells. Moreover, it allows simultaneous tracking of multiple cell types, each carrying a unique MR signature, which is not possible with SPIO imaging and could be important for better identifying the complex roles and possible cooperative involvement of different cell populations used in regenerative therapies (112) .
MRI is currently the preferred imaging modality to evaluate the pathogenesis, severity, and evolution of HIE (2) . Therefore, the possibility of comparison of cell migration and techniques evaluating aspects such as infarct volume measuring and magnetic resonance spectroscopy will provide important information to future translation of cell therapies to the bedside.
COnCLusIOns
UCBCs are available for autologous transplantation in the first few hours after birth, and recent preclinical studies have shown that UCB transplantation improves sensorimotor impairments after HIE (Figure 1) . Although the mechanisms underlying this functional benefit are still poorly understood, it seems to involve a paracrine effect in which factors released by UCBCs contribute to the decrease of neuronal death and the modulation of innate immune responses, reducing neural processing impairments and enhancing synaptic plasticity in the HI brain. Neuroimaging methods are valuable tools to evaluate the safety and the biodistribution of the cells over time, as well as the efficacy of the treatment in both preclinical (Figure 1) and clinical studies. Furthermore, we must understand the contribution of the different cell populations present in the UCB to the efficacy of the therapy and the time window more adequate for the treatment. Finally, it is still necessary to evaluate whether UCBCs transplantation could lead to a further improvement of neurological outcome when combined with therapeutic hypothermia.
UCBC harvest and processing
UCBC treatment-associated effects on neurological function in HI animals:
-Prevents the impairment of primitive neonatal reflexes (cliff aversion and negative geotaxis) (47) .
-Decreases sensorimotor deficits (rotarod, elevated body swing test, footprint analysis, and cylinder test) (63, 64, 66) .
Time window -Decreases neuronal death in the striatum (47) ; -Decreases microglial activation in the cerebral cortex (47) ; -Increases the levels of GDNF, BDNF, and NGF in the brain (66) ;
Reporter gene 111 In-oxine 99m Tc 18 F-FDG T r a n s p l a n t a t i o n L a b e l i n g -Increases hippocampal CA1 dendritic density (66) ;
-Reduces neural processing impairments in the primary somatosensory cortex (64) . Figure 1 . schematic illustrating some of the possibilities for the assessment of cell therapies for neonatal hypoxic-ischemic encephalopathy (HIe). umbilical cord blood cells (uCBCs) can be obtained from umbilical cord blood units collected in utero or from the delivered placenta. The biodistribution and the possible therapeutic effects of uCBC transplantation can be assessed in preclinical studies using animal models of HIe, as illustrated here. Cell tracking may be performed for hours with positron emission tomography (PeT) using In-oxine). another approach is to use reporter genes for bioluminescence imaging (BLI), which also allows cell monitoring for hours or days. On the other hand, magnetic resonance imaging (mRI) may permit increasing this time window for weeks to several months after transplantation when using contrasts such as superparamagnetic iron oxide (sPIO), micrometer-size paramagnetic iron oxide particles (mPIOs), or liquid perfluorocarbon nanoparticles (PFCs). Furthermore, the effects of uCBC transplantation on neurological function and the cellular and molecular mechanisms involved in the possible therapeutic effects can be evaluated by behavioral tests, biochemical analysis, histological analysis, and neuroimaging. The main findings observed after uCBC transplantation in the Rice-Vannucci animal model of HIe are summarized in the boxes. BDnF, brain-derived neurotrophic factor; gDnF, glial cell line-derived neurotrophic factor; HI, hypoxic-ischemic; ngF, nerve growth factor.
